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ABSTRACT Fungi are major pathogens of plants, other fungi, rotifers, insects, and amphibians, but relatively few cause disease in
mammals.Fungibecameimportanthumanpathogensonlyinthelate20thcentury,primarilyinhostswithimpairedimmunity
asaconsequenceofmedicalinterventionsorHIVinfection.Therelativelyhighresistanceofmammalshasbeenattributedtoa
combinationofacompleximmunesystemandendothermy.Mammalsmaintainhighbodytemperaturesrelativetoenviron-
mentaltemperatures,creatingathermallyrestrictiveambientforthemajorityoffungi.Accordingtothisview,protectiongiven
byendothermyrequiresatemperaturegradientbetweenthoseofmammalsandtheenvironment.Wehypothesizethatglobal
warmingwillincreasetheprevalenceoffungaldiseasesinmammalsbytwomechanisms:(i)increasingthegeographicrangeof
currentlypathogenicspeciesand(ii)selectingforadaptivethermotoleranceforspecieswithsigniﬁcantpathogenicpotentialbut
currentlynotpathogenicbyvirtueofbeingrestrictedbymammaliantemperatures.
GLOBAL CLIMATE CHANGE
T
he Earth’s climate has suffered major perturbations during its
history, presenting periods of global temperate climate (glaci-
ations) followed by warming due to various factors that include
accumulation of greenhouse gases (1, 2). The impact of climate
changesonthebiotacanbeenormous,andextinctioneventswith
subsequent species diversiﬁcation were each associated with peri-
odsofquickplanetaryovercooling(3–6).Humansocialevolution
has been greatly inﬂuenced by climate, and the emergence of ag-
riculture and sedentary settlements dates to the end of the last
glacial period around 12,500 years ago (7, 8).
Anthropogenic greenhouse gas generation is expected to in-
crease the mean global temperature by 2 to 5°C in the next de-
cades, leading to the warmest period in the past 40 million years
(9). The effect of environment-changing human activities on
biodiversity has been extensively documented (see reference 10
for a review), and 41% of all multicellular species are predicted to
be impacted by climate change (11). Species disappearance per
area was predicted to be 15 to 37% (12) or even higher (13), but
global warming will reduce some habitats while favoring others
(14).Awarmerworldmayinducegeographicexpansionofcertain
groups, such as nematodes, insects, algae, etc., potentially chang-
ingthelandscapeofinfectiousdiseases.Vector-bornediseasesare
expectedtoextendbyvectorexpansion,byacquisitionofvectorial
capacityofnewspecies,and/orbyreintroductionofparasitesinto
native insect populations in areas currently free of disease.
FUNGI, TEMPERATURE TOLERANCE, AND ENDOTHERMY
Fungiemergedsome1.6millionyearsago(15,16),andthegroup
ishighlydiversiﬁed.Theestimatednumberoffungalspeciesis1.5
million,occupyingabroadvarietyofhabitats(17),evenifonlyca.
70,000 fungal species have been formally described. About 300
fungal species are reported to be pathogenic to humans (18), but
the majority cause extremely rare mycoses and only a few species
are relatively common pathogens. These fungi have the ability to
survive and grow at the high body temperatures of endothermic
animals (19).
Most fungi thrive in the range of 12°C to 30°C (20), but there
are wide temperature tolerances among species, with some grow-
ing at temperatures as low as 10°C (21) or as high as 65°C (22).
For this essay, which focuses on fungal diseases of mammals, we
deﬁne thermotolerance as the ability to grow at mammalian and
higher temperatures.
Thermotolerant species are scattered in the major groups of
fungi. In the Basidiomycota, including several cryptococcal spe-
cies, this character is not uncommon (20). Among the crypto-
cocci, only Cryptococcus neoformans and Cryptococcus gattii are
common pathogens, but other cryptococcal species express puta-
tive virulence factors, such as polysaccharide capsule and mela-
nization(23).Inthiscase,theacquisitionofthermotolerancepre-
sumablyincreasestheirpotentialtobecomepathogenic.Onesuch
case can be attributed to Cryptococcus laurentii, which normally
does not grow at 37°C, but thermotolerant strains have increas-
ingly been associated with disease in extremely immunosup-
pressed hosts (24). Experimentally, heat tolerance can be induced
in Saccharomyces cerevisiae (25) and in the entomopathogen
Metarhizium anisopliae without loss of its pathogenic capability
(26).
In tropical and subtropical climates, thermotolerant fungi are
presumably more abundant. Tropical regions include many fun-
galpathogensnotfoundintemperateregions,suchasParacoccid-
ioidesbrasiliensis,Penicilliummarneffei,andC.gattii(27,28).The
incidence of fungal infections in these places tends to be higher,
possibly due to a higher number of fungi that can cope with hu-
manbodytemperatures.Infact,theincidenceofcryptococcosisin
AIDS patients in Africa is as high as 30%, whereas in temperate
regions, the incidence is seldom higher than 5 to 10% (29).
Evenifproportionallylow,theabsolutenumberofthermotol-
erant species in nature is high, and this raises the question of why
fungiarerelativelyrarepathogensofmammals.Therarityoffun-
gal disease in mammals presumably reﬂects the effectiveness of
theirimmunesystemsagainstfungi,butthisalonecannotexplain
it since all jawed vertebrates also have adaptive immunity (30).
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function of both their immune system and their high basal tem-
perature. For example, rabbits are highly resistant to systemic
C. neoformans infection unless immunocompromised, yet infec-
tion can be induced in the cooler testes even in immunocompe-
tent animals (31).
Endothermy is an energy-costly strategy that has evolved only
twiceintheMetazoa(mammalsandbirds)andprovidestheadap-
tiveadvantageofsustainedlevelsofhighactivityandfewerrestric-
tions for the colonization of a broader variety of habitats (32).
There is controversy as to how such a complex trait evolved (see
reference 33 for a discussion), and whereas endothermy may not
have initially been selected as a protection mechanism against in-
fectious agents, it is an extremely efﬁcient mechanism to exclude
the majority of fungal species from a mammalian host. Mammals
possess not only relatively high body temperatures but also basal
temperatures that can be increased in response to infections, pro-
ducingfeverthatfurtherlimitstheopportunitiesforapathogento
survive.
POTENTIAL RISKS OF FUNGAL ADAPTATION TO HIGHER
TEMPERATURE
Mostofthehealthconcernsregardingglobalwarmingarefocused
on vector-borne and parasitic diseases, as they have been long
considered tropical-region-associated diseases that might extend
to previously more temperate regions (34). However, the poten-
tial effects of global warming on the fungi have not been consid-
ered.
Global warming could have a signiﬁcant effect on fungal pop-
ulations. First, a warmer climate could change the distribution of
heat-tolerant and susceptible species by favoring those that are
more thermotolerant, and by creating conditions for more envi-
ronmental fungi to spread and enter into closer contact with hu-
manpopulations,aspostulatedforP.brasiliensisandC.gattii(28,
35). Second, under strong selective pressure, the prevalence of
species adapted to heat tolerance may increase. There is some
evidence for this in the ﬁnding that some fungi in urban areas
grow faster at warmer temperatures than their rural counterparts
(36).
Forevery1°Cgainedinbodytemperatureintherangeof30to
42°C, approximately 6% of the fungal species are excluded as po-
tential pathogens (20). Global warming means narrowing of the
thermalgradientbetweenambientandmammaliantemperatures
(Fig. 1). The current gradient is approximately 22°C, and conse-
quently, every degree increase in the global average temperature
reduces the gradient by about 5%. We hypothesize that with cur-
rent global warming, the prevalence of fungal diseases will in-
crease by the mechanisms previously discussed. As thermotoler-
ance is more commonly found within the basidiomycetes (20),
thisgroupmaybethemajorcontributorofnewfungalpathogens.
It may be possible to obtain experimental support for this hy-
pothesis by demonstrating that virulence parallels the emergence
of thermotolerance. Furthermore, it may be worthwhile to char-
acterize in detail those fungal species that are close relatives to
known pathogens but lack thermotolerance, since these are likely
candidatesfortheemergenceofnewpathogens.Thisinformation
couldfosterincreasedhumanpreparednessincopingwithclimate
change and add urgency to ongoing efforts to slow global warm-
ing.Theriskfromnewlyemergedfungalpathogenscouldbemag-
niﬁed by the fact that there are few antifungal drugs available and
no licensed vaccines. An increased emphasis on developing vac-
cineswithefﬁcacyagainstbroadfungalclassescouldhelpamelio-
rate new threats from the environment (37).
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